Objectives The Gekkou-drill® is an industrial drill that is highly efficient due to reduced cutting resistance resulting from its characteristic drill point shape. In this experiment, we compared the degree of thermal damage to bone tissue caused by conventional medical drills and these same drills with Gekkou modifications. Methods Holes were created in the tibias of living pigs using two different 3.2-mm diameter drills and their modified versions. Regarding the drilling parameters, the thrust force was 10 N and the drilling speeds were 800 revolutions per minute (rpm) and 1500 rpm. We compared the original and modified drills in terms of the bone temperature around the drill bit and the total time necessary to create each hole, the latter calculated using imaging data captured during drilling. In histopathological examination, the percentages of empty lacunae in osteocytes of the cortical bone beneath the periosteum were evaluated at 400 × magnification with an optical microscope. Results Compared to the original drills, the modified drills required significantly less time to create each hole and caused a significantly lower temperature rise during bone drilling. With the modified drills, the percentages of empty lacunae around the drilling holes were about 1/2-1/3 of those with the original drills, and were significantly lower for both drilling speeds. Conclusions Gekkou-modified medical drills shortened drilling times despite low thrust force, and histopathological assessment demonstrated a significant reduction in osteocyte damage.
Introduction
In bone drilling during orthopedic surgery, is known that bone around the drill hole is affected by temperature elevations [1] , and if these exceed a certain level, thermal necrosis of the bone may occur [2, 3] . There are two factors, drilling parameters and drill specifications that influence the thermal exposure during bone drilling. Shortening drilling duration is considered to be the only means of reducing thermal exposure, and therefore, modifications of the above factors have aimed to efficiently decrease drilling time. In previous studies this has been achieved by increasing the drilling speed, feed rate, and thrust force, and has contributed to lower tissue toxicity [4] [5] [6] [7] [8] [9] [10] . Drill specifications have also been improved to reduce heat generation. There are many reports in which drill specifications such as drill diameter [7] , cutting face [11] , flutes and helix angle [12] , drill point [11] , and drill wear [13, 14] have been modified to improve drilling efficiency or reduce thermal exposure. Some authors have reported that the use of a coolant is beneficial [15] [16] [17] . However, with any drill specification improvement, it is difficult to decrease the amount of time that bone tissue is exposed to high temperatures without increasing the drilling speed or the thrust force, and no commercially available medical drills can achieve these goals.
On the other hand, some industrial drills have recently been marketed with drill specifications that dramatically improve work efficiency, and their usefulness has been drawing attention [6, 18, 19] . One of these drills, sold under the brand name Gekkou-drill®, can remarkably reduce cutting resistance and improve the efficiency of discharging shavings. The excellent performance of this drill is reportedly due to the unique shape of the drill point. We predicted that minimally invasive bone drilling would be possible by adapting this industrial drill point shape to currently available medical drills. In a previous pilot study, we evaluated the performance of commercially available medical drills whose points that had undergone the Gekkou modifications. We found that both the cutting resistance and temperature elevation during bone drilling were significantly lower for drills with the Gekkou modifications than for conventional medical drills. However, the difference between the thermal damage caused by these two drill specifications has not been assessed in terms of histopathological findings under in vivo conditions. The present in vivo study aimed to evaluate the histopathology of living bone, comparing the effects of thermal exposure resulting from four drill specifications. The study used living pigs and preserved the periosteum, and therefore, cooling mechanisms such as blood flow from the periosteum (particularly the cortical layer) and bone marrow were active, enabling evaluation of bone temperature in a state that more closely resembles normal physiology.
Methods

Experimental setup
The experiment was performed using 16 tibias in 8 living pigs (female, 4 months old, and specific pathogen-free; body weight was 47.5-52.3 kg, and cortical thickness at the drilling area was 2.5-3.5 mm). General anesthesia was administered in the operating room, which was maintained at a constant temperature and humidity (around 25 °C and 60%, respectively). The periosteum was preserved. Peeling and incision of soft tissue was minimized to preserve blood flow. After a pig's leg was placed on a board, an assistant held the ankle joint and then rotated the lower leg externally to keep the anterior medial aspect of the tibia parallel with the floor. The first drilling point was located 20 mm distal from the end of the proximal tibiofibular joint and at the center of the bone width. The second drilling point was 30 mm distal from the center of the first hole.
We investigated four different 3.2-mm drill bits: an original bit designed by Johnson & Johnson Inc., New Brunswick, NJ, USA (A); a Gekkou-modified A bit (AG); an original bit designed by Zimmer Biomet Inc., Warsaw, IN, USA (B); and a Gekkou-modified B bit (BG) ( Fig. 1 ). Modification of the drill bits (adjustment of the point angle and creation of a rake at the cutting edge) was performed by BIC TOOL Co., Ltd, Hiezu, Tottori, Japan (Fig. 1b, d) .
Bones were drilled with a CORE universal driver (Stryker Inc., USA), which was connected to the drill bits with a Jacobs drill system. The drilling speed was maintained at 800 revolutions per minute (rpm) or 1500 rpm. We fixed a rod perpendicular to the board and connected the drill holder to the rod. The holder could move smoothly along the rod and guide the drill bit vertically to the board. The drill holder was equipped with a digital force gauge (RZ-20 Aikoh Engineering Co., Ltd., Japan) that displayed the force at the tip of the drill bit every half second ( Fig. 2 ). After the lower leg of the pig was fixed to the board and the force gauge was calibrated, drilling was performed without irrigation. The thrust force was adjusted to 10 N. We changed the drill bit every time we created a hole to prevent errors due to wear. In each pig, two holes were created under the same conditions (drilling speed, thrust force) using the original drill bit in one lower limb, and another two holes were created in the other lower limb using the Gekkou-modified drill bit.
The bone temperature was captured with a visual infrared thermometer (FLIR T650sc, measurement accuracy ± 1 °C or ± 1%, FLIR Inc., USA). The total time necessary to create each hole, the time that the temperature was over 47 °C, and the maximum temperature during drilling were all recorded. The reason for setting 47 °C as the temperature at which thermal damage occurs was based on previous findings that the risk of osteonecrosis is significantly increased if bone tissue is exposed to thermal damage above 47 °C for more than 60 s [3] .
After two holes were drilled in a pig's left and right pig tibias, the animal was euthanized by blood loss. Then the soft tissue around the tibia was removed and the bone at a distance of 15 mm from the hole was cut into 30-mm blocks. The samples were fixed with 10% formalin, then embedded in paraffin after decalcification. Cortical bone specimens at thicknesses of 4 μm were sliced perpendicular to the surface of the drill entry side and stained by hematoxylin-eosin (HE). An optical microscope (Eclipse E800, Nikon Instruments Inc., Japan) was used to examine the cortical bone beneath the periosteum at 400 × magnification. The number of empty lacunae and the total number of cells were counted in four locations that were in contact with the drill hole site, located clockwise around the drill hole at 0, 90, 180, and 270°. The percentage of empty lacunae were then calculated ( Fig. 3 ). In AG and BG a rake was created at the cutting edge 
Statistical analysis
Four holes were created with each drill bit, for a total of 32 drill holes. For each rpm value, the student's t test was used to compare parameters between the original and customized drill bits. The difference in drilling speed with each bit was also examined. The correlation coefficients between the percentage of empty lacunae and drilling time, time at which the bone temperature was over 47 °C, and maximum temperature were calculated. Values of p < 0.05 were considered significant.
Results
We captured bone temperature data during drilling with the Johnson & Johnson original drill bit (A), Johnson & Johnson Gekkou-modified drill bit (AG), Zimmer original drill bit (B), and Zimmer Gekkou-modified drill bit (BG). Then we calculated the total time spent creating the hole, the time at which the bone temperature was over 47 °C, and the maximum temperature during drilling ( and 53.0 °C with BG, with a significant difference between B and BG. While there was no significant difference between A and AG, the temperature for AG was numerically lower. For each individual drill bit, there was no significant difference between the 800 and 1500 rpm speeds in terms of drilling time, the time at which the bone temperature was over 47 °C, or the maximum temperature reached. Figure 4 shows a photomicrograph of bone drilled with a B drill bit at 1500 rpm, which resulted in a maximum temperature of 160.2 °C and a 157-s duration at which the bone temperature was over 47 °C. The majority of lacunae are empty, even in areas not immediately adjacent to the drill hole. On the other hand, the photomicrograph in Fig. 5 of bone drilled with an AG drill bit at 1500 rpm, which resulted in a maximum temperature of 40.8 °C and no elevation of bone temperature over 47 °C, shows that almost all osteocytes survived, even in the region surrounding the drill hole. In each field of view, we counted the total number of lacunae that were empty and those containing live osteocytes. Counting was performed twice each by two orthopedic surgeons who were blinded regarding the drill bit used. The intraclass correlation coefficients (ICCs) for each examiner were 0.98 and 0.97, respectively, and the ICC between examiners was 0.98. The mean percentages of empty lacunae that were empty after drilling with each drill bit at 800 rpm were 28.0% with A, 14.6% with AG, 36.9% with B, and 18.6% with BG. The corresponding values after drilling at 1500 rpm were 30.1% with A, 15.6% with AG, 66.9% with B, and 22.0% with BG ( Table 2 ). There were significant differences between the original and modified drill bits regardless of manufacturer and drill speed. For each individual drill bit, the drilling speed had no significant effect on the percentage of empty lacunae.
Discussion
In this study, we could significantly shorten drilling time and reduce temperature elevation by improving the chisel edge of the drill bit to optimize its cutting function. These modifications led to significant reductions in the percentages of empty lacunae in osteocytes compared with conventional drills. Excessive heat results in the presence of empty lacunae in bone tissue [5, [20] [21] [22] . Most studies have reported that the disappearance of osteocytes caused by heating or physical stimulation, but not apoptosis, is activating osteoclast and disadvantageous for mineral metabolism regulation, remodeling of the perilacunar matrix, and mechanosensor functions [23] [24] [25] [26] . In view of the roles of osteocytes in bone remodeling, as shown in these previous studies, a reduced number of necrotic osteocytes is expected to suppress early bone resorption after invasive treatments involving bone. For example, in osteosynthesis, bone resorption is suppressed around the drill holes created by modified drills, which reduces the risk of screw loosening and at the same time leads to enhanced fixation. In other words, these modified drills are considered to significantly reduce the osteocyte damage caused by bone drilling, at least in the early stages after treatment.
To the best of our knowledge, no studies thus far have shown that it is possible to shorten the time required for drilling procedures while still maintaining a high feed rate, low thrust force, and low drilling speed [4] [5] [6] [27] [28] [29] . This is probably due to the fact that a suitable drill has not yet been developed. Kim et al. evaluated thrust force and drill speeds from 200 to 1180 rpm, and found that the lower the rotational speed and the higher the thrust force, the greater the suppression of heat generation [30] . In addition, Lee et al. created bone holes in pig ribs using drill bits with a 2.0-mm or 3.0-mm diameter without exceeding 47 °C, by drilling at 50 rpm and raising the thrust force [31] . However, a high thrust force risks overdrilling, increases the heat production per unit time, and can cause micro-cracks [5] . Therefore, we considered that the least invasive drilling method would use a low thrust force and low rotational speed. Our pilot study even evaluated a rotational speed of 300 rpm, but since this resulted in an overly long drilling time with a conventional drill, this speed was avoided in the present study due to concerns about animal welfare. The rotational speed of 800 rpm and thrust force of 10 N used in this in vivo experiment were low enough to be suitable for general bone drilling, and the histopathological findings with Gekkou-modified drills showed significantly reduced bone tissue damage compared to the non-modified drills. Although this drill specification may be insufficient for true minimally invasive drilling, our findings show that it is useful for reducing bone tissue damage during bone drilling.
The features of Gekkou-modified drills result from the special processing of the drill point, and in this study, our refinement of the chisel edge at the drill point was critical in achieving our results. Modification of the drills used in this experiment, including reduction of the chisel edge and crescent moon cutting, were carried out by BICTOOL Co., Ltd., which has no funding relationship with this study. It was previously stated that an unmodified chisel edge has no drilling function and is responsible for more than 50% of drill resistance [32] . Many reports demonstrated that reducing the sizes of chisel edges leads to a lower thrust force and shorter drilling duration, which results in a lower temperature rise during bone drilling [11, 33, 34] . Additionally, because unmodified chisel edges have no chip evacuation function, the chips remain in the drill hole, making efficient drilling impossible [32] . The modified drills used in this experiment were rounded into a crescent shape from the original sharp edge that causes strong resistance during bone drilling, and this crescent shape improved chip evacuation. We surmise that this change succeeded in reducing cutting resistance and suppressing temperature elevations during bone drilling.
There are several limitations to this study. The first is the small number of specimens. Only four tibial holes could be created per pig, so as to avoid the difference in cortical thickness and influence of an adjacent drill hole. However, despite the small sample size, the results showed a statistically significant difference. Additionally, this was a simple and reproducible experiment, so the number of specimens can be increased in the future. The second limitation is that bone mineral density and strength vary among individuals, and these factors were not considered in this study. Karaka et al. assumed that there was a positive correlation between bone mineral density and the total amount of heat produced in bone drilling under any given condition, and in particular, that the difference between genders is large [5] . Although all pigs in our experiments were female, there was a difference of up to 1 mm in the thickness of the bone cortex (results not shown), and this point was not taken into consideration in our analysis. However, we compared the use of the original and Gekkou-modified drills with the same rotational speeds within each individual, so the error related to variations in bone thickness should be minimal. The third limitation is that we only examined tissues immediately after drilling. In many cases the lacunae around the drilling holes were empty at this time. As mentioned above, osteoclasts should subsequently be activated and lead to bone resorption, but we could not evaluate these in vivo processes over time. Future tasks include observing in vivo histological changes over time and increasing the number of specimens.
In conclusion, histopathological findings showed that Gekkou-modified drills significantly reduced the percentage of empty lacunae in in vivo pig bone drilling experiments. The cause was reduction of bone temperature elevation and shortening of drilling time. These specifications of these modified drills are expected to be useful as minimally invasive medical drills in the future to reduce thermal damage caused by drilling in bone tissue.
